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ABSTRACT Understanding factors that affect the infectivity of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) is central to combatting coronavirus dis-
ease 2019 (COVID-19). The virus surface spike protein of SARS-CoV-2 mediates viral
entry into cells by binding to the ACE2 receptor on epithelial cells and promoting
fusion. We found that Epstein-Barr virus (EBV) induces ACE2 expression when it enters
the lytic replicative cycle in epithelial cells. By using vesicular stomatitis virus (VSV) par-
ticles pseudotyped with the SARS-CoV-2 spike protein, we showed that lytic EBV replica-
tion enhances ACE2-dependent SARS-CoV-2 pseudovirus entry. We found that the ACE2
promoter contains response elements for Zta, an EBV transcriptional activator that is
essential for EBV entry into the lytic cycle of replication. Zta preferentially acts on meth-
ylated promoters, allowing it to reactivate epigenetically silenced EBV promoters from
latency. By using promoter assays, we showed that Zta directly activates methylated
ACE2 promoters. Infection of normal oral keratinocytes with EBV leads to lytic replication
in some of the infected cells, induces ACE2 expression, and enhances SARS-CoV-2 pseu-
dovirus entry. These data suggest that subclinical EBV replication and lytic gene expres-
sion in epithelial cells, which is ubiquitous in the human population, may enhance the
efficiency and extent of SARS-CoV-2 infection of epithelial cells by transcriptionally acti-
vating ACE2 and increasing its cell surface expression.

IMPORTANCE SARS-CoV-2, the coronavirus responsible for COVID-19, has caused a
pandemic leading to millions of infections and deaths worldwide. Identifying the fac-
tors governing susceptibility to SARS-CoV-2 is important in order to develop strat-
egies to prevent SARS-CoV-2 infection. We show that Epstein-Barr virus, which infects
and persists in >90% of adult humans, increases susceptibility of epithelial cells to
infection by SARS-CoV-2. EBV, when it reactivates from latency or infects epithelial
cells, increases expression of ACE2, the cellular receptor for SARS-CoV-2, enhancing
infection by SARS-CoV-2. Inhibiting EBV replication with antivirals may therefore
decrease susceptibility to SARS-CoV-2 infection.

KEYWORDS Epstein-Barr virus, SARS-CoV-2, COVID-19, ACE2, transcription, epithelial
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ellular entry of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the

agent of coronavirus disease 2019 (COVID-19), requires binding of the viral spike
protein to the ACE2 receptor on epithelial cells followed by membrane fusion (1-3).
Expression of the ACE2 receptor on the surface membranes of epithelial cells in the
oropharynx, nasopharynx, and lower respiratory tract is therefore necessary for viral
entry and affects the likelihood of SARS-CoV-2 infection (4, 5).

Epstein Barr virus (EBV) also gains entry into the host via the oropharyngeal epithelium
and persistently infects >90% of the human population. EBV establishes latent infection in
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B lymphocytes and undergoes intermittent lytic reactivation, followed by lytic replication in
epithelial cells, producing infectious virions, which are shed in the saliva (6, 7). EBV reactiva-
tion and lytic replication have pleiotropic effects on cellular gene expression (8). Because
EBV infection is ubiquitous and replicates in oropharyngeal and nasopharyngeal epithelium,
EBV reactivation may affect susceptibility to SARS-CoV-2 infection.

Here, we show that EBV reactivation and lytic gene expression lead to robust increases
in ACE2 expression in epithelial cells infected with EBV. Further, such induction of ACE2
expression by EBV enhances specific ACE2-dependent entry of SARS-CoV-2 pseudotyped
virions in EBV-infected cells. Expression of the EBV lytic transcriptional activator Zta enhan-
ces transcription from the ACE2 promoter, which contains Zta response elements. Zta pref-
erentially activates methylated promoters, allowing it to activate epigenetically silenced
genes. These data, taken together, indicate that subclinical EBV reactivation and lytic EBV
gene expression may enhance the efficiency and extent of SARS-CoV-2 infection in humans.

RESULTS

EBV lytic replication induces ACE2 expression in epithelial cells. In our study of
virus-host cell interactions during EBV lytic replication, we have analyzed the effects of
EBV gene expression on host phenotype by deep sequencing of cellular RNAs before
and during lytic EBV replication (9, 10). The epithelial cell system employs AGS cells
derived from a human gastric carcinoma and infected by a recombinant Akata EBV
strain which expresses GFP (10, 11). The EBV Zta transactivator protein encoded by the
EBV BZLF1 gene is both necessary and sufficient for efficient initiation of the lytic cycle
of EBV replication (12-14). We stably expressed an inducible Zta EBV gene in these cells
by lentiviral transduction and established a cell line referred to as AGSiZ, which is
highly permissive of lytic EBV replication when treated with doxycycline (10). Lytic
gene expression, EBV DNA replication, and infectious virus production are robustly
induced after Zta induction with doxycycline. To investigate the hypothesis that EBV
reactivation may increase the risk or severity of SARS-CoV-2 disease, we examined the
transcriptomic data for potential effects of EBV reactivation on cell molecules impor-
tant for SARS-CoV-2 infection. EBV lytic replication induced distinct changes in cellular
gene expression (Fig. 1A), and ACE2 was the 30th most upregulated cellular gene (138-
fold) 24 h after EBV replication was induced. At 48 h, ACE2 was the 99th most induced
gene (130-fold). To confirm this observation, we measured the relative amount of ACE-
2 mRNA in cells that had been either mock induced or induced to enter lytic EBV repli-
cation. We found that ACE-2 mRNA levels increased over 500-fold as early as 24 h after
lytic induction and remained elevated at 48 h (Fig. 1B). Notably, ACE2 expression was
maximal at 24 h postinduction, a time at which early EBV lytic genes such as BMRF1 are
highly expressed but which is prior to expression of late lytic EBV genes such as BcLF1
(Fig. 1B). Inhibition of EBV DNA replication with phosphonoacetic acid (PAA) did not
affect ACE2 induction caused by EBV reactivation (Fig. 1C). Since DNA replication is
required for efficient late EBV gene expression (9, 15), these data suggest that an early
lytic EBV gene or cellular genes induced early during EBV reactivation enhance ACE2
expression.

ACE2 induction by EBV enhances entry by SARS-CoV-2-pseudotyped virus. To
determine whether ACE2 induction by EBV led to a functional increase in ACE2 recep-
tor activity, we adapted a pseudotyped vesicular stomatitis virus (VSV) system success-
fully used to study both Middle East respiratory syndrome (MERS) and SARS virus (16).
Virions pseudotyped with the SARS-CoV-2 spike protein specifically bind ACE2 and
mediate viral fusion with the cell membrane. Expression of SARS-CoV-2 S protein on
the PV particle thus confers ACE2-dependent entry (17). A pseudotyped virus (PV)
expressing the S (spike) protein of SARS-CoV-2 on its envelope was generated that also
expresses firefly luciferase, allowing measurement of PV entry by luciferase assay.
Infection of AGSIZ cells with SARS-CoV-2 PV was then performed after either mock
induction or induction of EBV replication with doxycycline. Induction of EBV replication
led to a 5- to 6-fold increase in SARS-CoV-2 PV entry (Fig. 2A). We also measured the
entry of a VSV pseudotyped with Junin G protein in AGSiZ cells, and entry of the Junin
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FIG 1 EBV lytic replication induces ACE2 expression. (A) Heat map of Z scores from normalized expression of cellular genes in AGSIZ cells after
induction of EBV lytic replication (+D) compared to mock-induced cells (—D), 24 and 48 h after induction. ACE2 induction levels at each time

(Continued on next page)
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FIG 2 ACE2 dependent SARS-CoV-2 pseudovirus entry is enhanced by EBV reactivation. (A) SARS-CoV-
2 pseudovirus (Spike PV) entry into AGSiZ cells was measured by luciferase assay and presented as a
ratio of luciferase activity in each sample to that in mock-infected (RQ, relative quantity). AGSiZ cells
were either induced or mock-induced to permit EBV lytic replication 48h prior to infection with
SARS-CoV-2 PV. (B) Infection of AGSiZ cells by Junin G protein pseudovirus (JunV PV) was measured
by luciferase assay in cells. AGSiZ cells were either induced or mock induced prior to Junin G
pseudovirus infection as for SARS-CoV-2 experiments. Protein lysates were harvested 24 h after PV
infection and luciferase activity was measured. RQ, relative quantity. (C) Blockade of ACE-2 dependent
entry was performed by preincubation of cells with either a rabbit or goat anti-ACE2 antibody for 1 h
prior to infection with SARS-CoV-2 pseudovirus or with PV expressing no SARS-CoV-2 spike protein
(bald). Mock antibody treatment was performed with rabbit IgG. A no-antibody control was also
performed (None). Data are means and standard errors of the means for three independent experiments,
with luciferase assays performed in technical triplicates. P values for each comparison are shown by
letters above each bar. Nonsignificant differences are denoted with the same letter. Significant differences
(P<0.0005) are denoted by different letters.

G PV was not increased by EBV lytic replication, confirming that EBV lytic replication does
not nonspecifically enhance ACE-independent pseudotyped virus entry (Fig. 2B). To confirm
that the enhanced entry of SARS-CoV-2 PV was due to increased surface ACE2 expression
on the surfaces of the EBV-infected cells, we asked whether ACE2 antibody would block

FIG 1 Legend (Continued)

point based on normalized read counts were 138-fold and 130-fold at 24 and 48h after lytic induction, respectively. (B) Quantitative reverse
transcription-PCR (RT-PCR) measurement of ACE2, early lytic EBV gene BMRF1, and late lytic gene BcLF1T mRNAs 12, 24, and 48 h after induction
of EBV lytic replication. AGSiZ cells were either mock induced or induced with doxycycline, and RNA was isolated from each sample at the
indicated times after induction. (C) Quantitative RT-PCR measurement of ACE2, early lytic EBV gene BMRF1, and late lytic gene BcLF1T mRNAs in
the presence or absence of PAA added prior to induction of EBV replication. Data are means plus standard errors of the means for three
independent experiments, with RT-PCR performed in technical triplicates. RQ, relative quantity; ind., induced to permit EBV lytic replication with
doxycycline. P values for each comparison are shown by letters above each bar. For all comparisons, nonsignificant differences are denoted
with the same letter and significant differences are denoted by different letters. All nonsignificant differences had P values of >0.5, and
significant differences had P values of <0.0001, except that in panel B, for the 24-h versus 48-h BMRF1 comparison, P was <0.002, and in
panel C, significant differences for ACE2 had a P value of <0.002 and nonsignificant differences for BMRF1 had a P value of >0.08.
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SARS-CoV-2 PV entry. The increase in SARS-CoV-2 PV entry was blocked by two different
antibodies against ACE2 but not by control antibody, demonstrating that the EBV-induced
increase in SARS-CoV-2 PV infection was due to upregulated functional ACE2 receptor
expression (Fig. 2C).

The ACE2 promoter is directly activated by EBV lytic replication. As described
above, induction of ACE2 expression preceded late lytic gene expression and was not
dependent on EBV DNA replication, which is required for EBV late gene expression (9,
15). The cascade of EBV lytic gene expression is initiated by a DNA-binding EBV tran-
scriptional activator protein, Zta, which activates and synergizes with a second EBV
transactivator, Rta, encoded by the EBV BRLF1 gene, to activate lytic EBV promoters
(18-20). To investigate the possibility that one or both of these EBV proteins directly
transactivate the ACE2 promoter, we constructed an ACE2 promoter reporter plasmid
in which the luciferase gene was driven by the ACE2 promoter (ACE2p). To first validate
the responsiveness of this reporter plasmid and confirm that EBV induction induces
transcription from the ACE2 promoter, we transfected it into AGSiZ cells, which were
then either induced or mock induced to permit EBV lytic cycle gene expression.
Induction of EBV lytic cycle resulted in expression of both Zta and Rta and activation of
ACE2 promoter-driven luciferase activity, indicating that EBV reactivation enhances
ACE2 mRNA transcription (Fig. 3A).

The EBV transcriptional activator Zta preferentially acts on methylated ACE2
promoters. The ACE2p-luciferase plasmid was then transfected into EBV-negative AGS
and 293T cells along with either Zta or Rta expression vectors or a combination of both
Zta and Rta (Fig. 3B and C). The independent expression of each protein was confirmed
by immunoblotting (Fig. 3B and Q). In both cell types, the ACE2 promoter was transac-
tivated by Rta but not by Zta.

Rta is a DNA-binding transcription factor that acts both by direct promoter binding
to Rta response elements and by indirect modulation of cell signaling pathways
(21-23). Inspection of the ACE2 promoter region did not reveal any canonical Rta
response elements, suggesting that Rta might enhance ACE2 promoter by indirect
mechanisms, as has been shown for Rta activation of the cellular genes c-myc and fatty
acid synthase (24, 25). Inspection did, however, reveal that the ACE2 promoter contains
three potential Zta response elements (ZREs) (26) (Fig. 4A). Although Zta did not trans-
activate the ACE2 promoter in cotransfection assays, Zta is preferentially active on
methylated promoter regions, a property that facilitates reactivation of EBV lytic pro-
moters epigenetically silenced by methylation (27-30). Since the transfected ACE2 re-
porter plasmids produced in bacteria would not be CpG methylated, unlike the cellular
ACE2 promoter, it was possible that Zta was responsible for at least part of the induc-
tion of cellular ACE2 that occurred with EBV lytic replication.

To further investigate a role for Zta and the extent to which it could activate the
ACE2 promoter, which is known to be epigenetically modified by methylation (31), we
examined the effect of Zta on a methylated ACE2 promoter. We methylated the ACE2
promoter-luciferase expression vector in vitro by treatment with the M.Sssl CpG meth-
yltransferase and compared the effects of Zta and Rta on unmethylated and methyl-
ated ACE2 promoters (Fig. 4B). Upon methylation, the ACE2 promoter was strongly
activated by Zta (85-fold), whereas the unmethylated promoter was not activated, as
previously shown. Interestingly, the methylated promoter concomitantly became less
responsive to Rta. These data suggested that Zta may play the primary role in transacti-
vating ACE2 in EBV-infected cells upon entry into the lytic cycle from latency when
both cellular and viral promoters are methylated. We therefore asked if depletion of
Rta during lytic reactivation would significantly affect ACE2 induction by EBV. AGSiZ
cells were first transfected with either a nontargeting control small interfering RNA
(siRNA) or an Rta-specific siRNA. Rta depletion was confirmed by immunoblotting, and
ACE2 induction was measured by gqPCR. As shown in Fig. 4C, Rta depletion did not
have a significant effect on ACE2 induction, indicating that Zta is the primary driver of
ACE2 induction in EBV-infected cells, although other EBV genes may also play a role.
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FIG 3 Effect of EBV transcriptional activators Zta and Rta on transcription from the ACE2 promoter.
(A) An ACE2 promoter-driven luciferase reporter plasmid was transfected into EBV-positive AGSiZ cells
24 h after either induction or mock induction of EBV replication. Luciferase activity was measured 24 h
after transfection and calculated as the ratio of signal in induced versus uninduced cells (RQ, relative
quantity). Each transfection was performed in triplicate, and each lysate was assayed in technical
triplicates. Protein expression of Zta and Rta after induction measured by immunoblotting is shown
on the right, with tubulin as a loading control. (B) EBV-negative AGS cells were cotransfected with
the ACE2-luciferase reporter plasmid and either empty vector, Rta expression plasmid, Zta expression
plasmid, or a mixture of both Zta and Rta plasmids, and luciferase activity was measured in cell
lysates 24 h after transfection. RQ was calculated as the ratio of signal in transactivator-transfected
cells to empty vector-transfected cells. (C) The effect of either Zta, Rta, or both genes on ACE2
promoter activity was assessed in 293T cells by cotransfection and luciferase assay as for panel B.
Expression of each transactivator was confirmed by immunoblotting with anti-Zta or anti-Rta
antibodies, as shown on the right, with tubulin as a loading control. P values for each comparison are
shown by letters above each bar. Nonsignificant differences (P> 0.5) are denoted with the same
letter. Significant differences (P < 0.0001) are denoted by different letters.

EBV Zta induces endogenous ACE2 expression in EBV-negative cells. To further
confirm that Zta is the key inducer of endogenous ACE2 expression, we generated an
EBV-uninfected AGS cell line that stably expresses doxycycline-inducible Zta. These
cells robustly produce Zta within 24 h when treated with doxycycline. When Zta was
induced, it significantly upregulated ACE2 mRNA expression compared to mock-
induced cells (Fig. 4D), which demonstrates that Zta alone can induce cellular ACE2.

The EBV transcriptional activator Zta acts on the ACE2 promoter through a
noncanonical response element. The three potential ZREs identified in the ACE2 pro-
moter are not predicted to contain CpG methylation sites and were therefore deemed
unlikely to mediate the methylation-dependent Zta responsiveness that was observed.
Zta response elements that do not contain canonical ZRE sequences have been identi-
fied in cellular promoters (32). We therefore mapped the Zta-responsive region of the
ACE2 promoter by site-directed mutagenesis and deletion of regions of the promoter.
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FIG 4 Methylation of the ACE2 promoter affects activation by Zta and Rta. (A) The ACE2 promoter
contains 3 Zta response elements. Consensus EBV Zta binding sites known to mediate Zta
responsiveness are shown in the region upstream of the ACE2 coding region. (B) The ACE2 promoter
plasmid was either methylated in vitro with CpG methyltransferase M.Sssl or not methylated prior to
cotransfection with either empty vector, the Zta or Rta transactivator, or both Zta and Rta, as shown.
Luciferase assays were performed 24 h after transfection, and RQ was calculated as in Fig. 3. For all
experiments, data are the means and standard errors of the means for three independent
experiments, with luciferase assays performed in technical triplicates for each sample. Western blots
confirming equal expression of Zta and Rta are shown below each panel with tubulin as a loading
control. RQ, relative quantity. (C) Effect of Rta depletion on ACE2 expression after EBV induction was
measured by RT-PCR of RNA harvested from siRNA-transfected cells. Cells were transfected with either
nontargeting control siRNA (Csi) or Rta-specific siRNA (Rta si) prior to induction of EBV replication
(ind.). All experiments were performed in triplicate transfections, and all assays were performed in
technical triplicates for each sample. Lysates were immunoblotted with anti-Rta antibody to confirm
depletion of Rta protein in Rta siRNA-transfected cells and with anti-Zta antibody to confirm equal
expression of Zta. Tubulin is shown below each blot as a loading control. P values for each comparison
are shown by letters above each bar. Nonsignificant differences (P> 0.1) are denoted with the same
letter. Significant differences (P=0.001) are denoted by different letters except that in panel B, the P
value for the difference between control and Rta with a methylated target was 0.0004. (D) Effect of EBV
Zta on endogenous ACE2 expression in EBV-negative cells. Two independently derived clones (no. 2 and
7) of Zta-inducible, EBV-negative AGSiZ cells were treated with doxycycline or mock treated to induce Zta

(Continued on next page)
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FIG 5 Mapping of the Zta response element in the ACE2 promoter. (A) The three canonical ZREs in
the ACE2 promoter (shown in maroon on the right) were individually deleted from the ACE2
promoter. The resulting mutant promoter-reporter plasmids or parent wild-type ACE2 plasmids were
methylated in vitro and transfected into 293 cells with either Zta or empty vector, and promoter
activity was measured by luciferase assay. Expression of Zta was confirmed by immunoblotting with
tubulin as a loading control. RQ, relative quantity. (B) Sequential truncations of the ACE2 promoter
were made as shown, and each was cloned into the luciferase reporter plasmid. The truncated
promoter constructs were methylated in vitro, transfections with either Zta plasmid or empty vector
were performed, and promoter activity was measured as for panel A. Immunoblots for Zta and
tubulin are shown on the right.

Each of the three potential ZREs was also individually deleted from the ACE2 promoter
in the luciferase reporter plasmid, methylated in vitro, and cotransfected with Zta in
293 cells. As shown in Fig. 5A, deletion of each ZRE sequence did not affect transactiva-
tion of the reporter by Zta.

We next mapped the minimal promoter that was Zta responsive by sequential dele-
tion of the ACE2 promoter. As shown in Fig. 5B, Zta responsiveness mapped to a 170-
nucleotide (nt) region upstream of the coding region. Since this region does not contain
methylated ZREs, and the ZREs that are present are not required for Zta responsiveness,
these data indicate that Zta activates the ACE2 promoter either indirectly or through a
noncanonical response element(s).

Infection of NOK cells with EBV enhances SARS-CoV-2 pseudovirus entry. /n
vivo, EBV released from circulating B lymphocytes is thought to infect epithelial cells in
the nasopharynx and oral epithelium, resulting in lytic EBV replication and lytic gene
expression. To recapitulate this sequence of events, we infected EBV-negative normal
oral keratinocytes immortalized with h-TERT (NOK cells) with EBV in vitro and examined
the effect on Zta expression, ACE2 expression, and SARS-CoV-2 pseudovirus entry. NOK
cells grown in 6-well plates were mock infected or infected with green fluorescent pro-
tein (GFP)-expressing Akata EBV by spinoculation as previously described (10). Cells
were visually examined and photographed under fluorescence microscopy to detect

FIG 4 Legend (Continued)

expression in triplicate experiments. The cells were harvested 48 h after induction, and RNA was isolated.
ACE2 and Zta mRNA expression was measured by RT-PCR in technical triplicates for each sample. RQ,
relative quantity of each specific mRNA compared to uninduced cell levels. P values for the difference
between uninduced and induced values were =0.002 for both Zta and ACE2.
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FIG 6 Infection of NOK cells with EBV leads to induction of ACE2. (A) Infection of NOK cells with
recombinant GFP-Akata EBV leads to infection and GFP expression in NOK cells. NOK cells plated on
slides were infected with Akata virus or mock infected and examined by fluorescence and phase-
contrast microscopy 3 days after infection. (B) Cells infected with Akata EBV or mock infected were
infected with SARS-CoV-2 PV 72 h after EBV infection. For antibody blockade, cells were treated with
either anti-ACE2 antibody or control IgG 2 h prior to infection with PV. Cells were harvested 24 h after
PV infection, and PV entry was measured by luciferase assay. RQ, relative quantity.

GFP expression in EBV-infected cells at 3 days postinfection. Approximately 10% of
NOK cells exhibited GFP expression, indicating infection by EBV (Fig. 6A). To determine
whether lytic EBV replication in a minority of the infected NOK cells led to an overall
increase SARS-CoV-2 PV infection, we compared the entry of SARS-CoV-2 PV in EBV-
infected and mock-infected NOK cell cultures. As shown in Fig. 6B, EBV infection led
toa >2-fold increase in SARS-CoV-2 PV entry that was blocked by ACE2 antibody.

DISCUSSION

We have shown that EBV lytic replication in epithelial cells induces transcription of
ACE2 via the EBV transactivator protein Zta. The Zta responsiveness of the ACE2 pro-
moter suggests that the ability of EBV to regulate ACE2 may benefit the virus by
enhancing efficiency of EBV production, possibly through the antiapoptotic functions
of ACE2 (33-35). Unlike most transcriptional activators, Zta is preferentially active
when its target promoters are methylated (27, 29, 36). During latency, the EBV genome
exists as a nuclear episome which is highly chromatinized and methylated (30, 37). The
unusual preferential activity of Zta on methylated promoters is thought to allow Zta
activation of such epigenetically silenced EBV lytic promoters present in the viral ge-
nome during latency. Zta’s ability to preferentially activate the methylated ACE2 pro-
moter suggests that this property may also be important in activating ACE2 expression
and possibly expression of other epigenetically silenced cellular genes when EBV
infects epithelial cells and enters the lytic cycle.

Infection of epithelial cells by SARS-CoV-2 is highly dependent on surface ACE2
expression (1-3). SARS-CoV-2 infectivity is highest in nasal epithelium, in which greater
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FIG 7 Model for effect of EBV replication on SARS-CoV-2 infection. EBV infecting an epithelial cell is shown at left with
a methylated and epigenetically silenced ACE2 promoter. Limited ACE2 expression and SARS-CoV-2 binding are
shown. Upon EBV lytic replication, the EBV Zta transactivator is expressed, binds, and activates the methylated ACE2
promoter, leading to increased ACE2 expression and SARS-CoV-2 binding.

ACE2 expression has been detected than in airway epithelium (4, 5). The factors that
govern ACE2 expression in humans remain to be fully characterized, but variability in
ACE2 expression appears to be age dependent and subject to epigenetic regulation by
methylation (31, 38). Susceptibility to SARS-CoV-2 infection is also highly variable, and
the factors that govern differences among individuals are not well understood. We pro-
pose that EBV may play a role in variability of ACE2 expression in oropharyngeal and
nasopharyngeal epithelium by reactivating epigenetically silenced ACE2 genes. This
model by which EBV infection and entry into lytic replication may induce ACE2 expres-
sion and enhance SARS-CoV-2 susceptibility in human oral epithelium is shown in Fig.
7. While EBV replication may enhance SARS-CoV-2 entry, its potential effects on subse-
quent steps in coronavirus replication remain unknown and require further investigation.

EBV persistently and subclinically infects the majority of the human population (7).
While the site of EBV latency is the memory B lymphocyte, EBV shuttles between B cells
and epithelial cells of the oropharynx (6), where it undergoes lytic replication, and
spreads to other epithelial cells (39, 40). Such cycles of lytic replication occur stochasti-
cally and result in various amounts of lytic gene expression and viral shedding in nor-
mal hosts at any given time. There is a significant variability in such permissiveness for
lytic replication, ranging from 23 to 72% in individuals (41). However, quantitative and
sensitive sequential measurements of viral shedding indicate that all EBV-positive indi-
viduals continuously undergo oral epithelial cell EBV lytic replication and release of vi-
rus, although EBV shedding may vary by up to 5 orders of magnitude from one time
point to another (39). Our findings that EBV reactivation and EBV lytic replication
enhance ACE2 expression and thereby increase SARS-CoV-2 infection efficiency raise
the possibility that epithelial cell replication of EBV, which occurs spontaneously, inter-
mittently, and asymptomatically in >90% of adults (7), may affect susceptibility to
SARS-CoV-2. These findings suggest that pharmacologically inhibiting EBV reactivation
in vivo could reduce transmission and severity of SARS-CoV-2 in the human
population.

MATERIALS AND METHODS

Cell lines and plasmids. Cells of the gastric carcinoma cell line AGS were infected with GFP-express-
ing EBV Akata BX1 virus to generate the stably EBV-infected cell line AGS-BX1 (11). AGSiZ was derived
from AGS-BX1 by stably transducing it with a lentivirus expressing the doxycycline-inducible EBV lytic
transactivator protein Zta, which induces lytic replication and infectious-virion production (10). AGSiZ
cells were cultured in Ham'’s F-12 medium with 10% (vol/vol) fetal bovine serum (FBS) (tetracycline sys-
tem-approved FBS; Clontech no. 631106), 1% GlutaMAX (Life Technologies), 0.5 mg/ml neomycin, and
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0.5 wg/ml puromycin. HEK293T cells were grown in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% (vol/vol) FBS. EBV lytic replication in AGSiZ cells was induced by addition of 1.0 wg/ml
doxycycline (Sigma; D9891). NOK cells (gift from S. Kenney) were generated by h-TERT immortalization
of normal human oral keratinocytes and were maintained in an undifferentiated state by culturing them
in keratinocyte serum-free medium (KSFM) supplemented with human epidermal growth factor and bo-
vine pituitary extract (Life Technologies) (42). An EBV-negative AGSiZ cell line stably expressing doxycy-
cline-inducible BZLF1 (Zta) was constructed by lentiviral transduction as reported previously (10). For
lentivirus production, 293T cells were transfected with lentiviral vector containing the B95.8 EBV BZLF1
coding sequence along with packaging plasmids as reported previously (43). A total of 250,000 AGS cells
were plated in 6-well plates in F-12 medium supplemented with tetracycline system-approved FBS
(Clontech no. 631106) and 1% GlutaMAX from Life Technologies (no. 35050-061). The next day, cells
were infected with 500 ul of lentiviral supernatant by spin inoculation as reported previously (10, 43).
The next day, cells were split, and transduced cells were selected with medium containing 1.0 wg/ml pu-
romycin. The medium was changed every 3 days with fresh selection for 2 weeks. The individual clones
were grown and tested for Zta expression by Western blotting at 48 h after addition of doxycycline.

To generate an Rta expression vector, 1.818 kb of B95-8 EBV cDNA (nt 91078 to 92895; accession no.
NC_007605.1) was amplified by high-fidelity PCR and cloned into pCDNA3 (Invitrogen) at the EcoRV site
(44). The Zta gene was PCR amplified from Akata EBV DNA isolated from AGSiZ. A 974-bp fragment was
amplified (nt 89581 to 90554; accession no. KC207813.1) and cloned into the EcoRV site of pCDNA3. All
cell lines were tested for Mycoplasma contamination with a Lonza MycoAlert mycoplasma detection kit
(catalog no. LT07-418).

RNA isolation and qPCR. AGSiZ cells were plated in six-well plates, and EBV lytic replication was
induced by addition of 1 wg/ml doxycycline. Cells were harvested at different times after lytic induction
as indicated for individual experiments. Total RNA was isolated from washed cell pellets, lysed in 700 wl
of Qiazol, and purified with miRNeasy columns according to the manufacturer’s protocols. Quantitative
reverse transcription-PCR (qPCR) was performed with the Power SYBR green RNA-to-CT 1-Step kit
(Applied Biosystems). qPCR was performed in triplicate from each biological sample, and the relative
quantity (RQ) for each gene was calculated using cellular GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) as an endogenous control in all reactions.

Data for gPCR were analyzed using GraphPad Prism 8 software. The error bars in the figures indicate the
standard errors of the means (SEM) from three different biological replicates. P values were calculated using
unpaired t tests. The gene-specific primers were as follows: ACE2-Q1F, 5'-TGGGACTCTGCCATTTACTTAC-3;
ACE2-Q1R, 5'-CCCAACTATCTCTCGCTTCATC-3'; BMRF1 Q1F, 5'-ATACGGTCAGTCCATCTCCT-3'; BMRF1 Q1R, 5'-
CACTTTCTTGGGGTGCTT-3'; BcLF1 Q1F, 5'-GTGGATCAGGCCGTTATTGA-3'; BcLF1 Q1R, 5'-CCTCAAACCCGT
GGATCATA-3'.

RNA isolation, sequencing, and bioinformatic analysis. cDNA libraries were prepared from poly(A)
RNA and were sequenced on a HiSeq 2500 instrument with 50-cycle single-end reads. Sequenced reads
obtained from EBV-infected AGS cells (AGSiZ) were aligned to the EBV Akata 1 (GenBank accession no.
KC207813.1) genome. Raw counts were estimated using USeq’s Defined Region Differential Seq applica-
tion. The raw counts were reanalyzed using DESeq2 version 1.26.0 to identify differentially expressed
genes at 24 and 48 h with a 5% false discovery rate. Enriched pathways were identified using gene set
enrichment analysis and Ingenuity Pathway Analysis.

Depletion of EBV Rta by siRNA transfection. EBV Rta knockdown (KD) was performed with siRNAs
designed using the RNA interference (RNAi) design tool Custom Dicer-Substrate siRNA (DsiRNA) (IDT)
and synthesized by IDT. Sequences of the siRNA used for EBV Rta KD were as follows: sense strand, 5
AAA UCU UGG AUA CAU UUC UAA ATG A 3’; antisense strand, 5" UCA UUU AGA AAU GUA UCC AAG
AUU UCA 3'.

The last two nucleotides of the sense strand were DNA. KD in AGSiZ cells was performed by transfecting
specific siRNAs targeting Rta or with negative-control siRNA (51-01-14-04; IDT) with Lipofectamine RNAIMAX
transfection reagent (Invitrogen; no. 13778150) according to the manufacturer’s protocols. Lytic EBV reactiva-
tion was induced in AGSiZ cells with doxycycline 3 h after siRNA transfection.

Immunoblotting for EBV Zta and Rta. A total of 250,000 AGSiZ cells were plated on six-well plates
1 day before induction. Cells were treated with doxycycline to induce EBV lytic induction. 293 or EBV-
negative AGS cells were transfected with plasmids as indicated in each experiment. Whole-cell lysates
were prepared 48 h after EBV lytic induction or transfection and analyzed by Western blotting with anti-
Zta (Santa Cruz; sc53904), anti-Rta (Argene; 11-008), or antitubulin (Sigma; SAB3501072) antibodies. The
signal was visualized by incubation with horseradish peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibody using Bio-Rad chemiluminescence detection reagent.

Human ACE2 reporter construction and luciferase assays. Nine hundred ninety-four base pairs of
the ACE2 promoter sequence (bp —894 to +100 relative to the ACE2 start codon) was PCR amplified
from genomic DNA isolated from AGSiZ cells using a blood and tissue DNeasy kit (Qiagen). Restriction
enzyme sites for Bglll and Ncol were added to the PCR amplicon on the 5" and 3’ ends, respectively, by
incorporating the restriction endonuclease restriction site sequences in the PCR primers. The ACE2 pro-
moter was ligated into the Bglll and Ncol sites in pGL3 Basic (Promega) between like enzyme sites. The
first 100 nucleotides of the ACE2 coding domain were cloned in frame with the coding domain of lucifer-
ase in pGL3. Plasmids were purified using the Qiagen Hi Speed Midiprep kit and sequenced. The primers
used for the amplification of the ACE2 promoter were as follows: pACE2 F, 5" TTA GAT CTA AAT TAA
AAC TGA TCA GAA ATG GCT GGG 3'; pACE2 R 5" AAC CAT GGG GTT AAA CTT GTC CAA AAATG 3.

For mapping of the Zta response element in the ACE2 promoter, truncations of the promoter frag-
ment and mutations of each individual canonical ZRE were generated the pACE2-pGL3 Basic plasmid

July 2021 Volume 95 Issue 13 e00192-21

Journal of Virology

jvi.asm.org

1


https://www.ncbi.nlm.nih.gov/nuccore/NC_007605.1
https://www.ncbi.nlm.nih.gov/nuccore/KC207813.1
https://www.ncbi.nlm.nih.gov/nuccore/KC207813.1
https://jvi.asm.org

Verma et al.

using a Q5 site-directed mutagenesis kit (NEB) according to the manufacturer’s protocol. The following
primers were used for removal of each of the ZRE sites: 1-Q5 ZRE1 F, CGC CTG TAA TCC TAG CAC; Q5
ZRE1 R, CTG TGC CCA GCC ATT TCT; 2-Q5 ZRE2 F, GCA GAT TGT TTA CTG TGT TC; Q5 ZRE2 R, ATA TAA
AGT TCA TCC TGG AG; 3-Q5 ZRE3 F, CAG GGG ACG ATG TCA AGG; Q5 ZRE3 R, AGA TCA CAT CCA CTG
AAT GAC. Truncations were done with the following primers: Q5 pACE2 R, AGA TCT CGA GCC CGG GCT
(universal for all); Q5 pACE2 -500 F, GTA GAG AGT TTC TGG GAA TAT GAT CTT GAA ATA AAA ATA AAT G,
Q5 pACE2 —250 F, AAT AAC GTA TTC TTA TTT GAT TCA CTT TAA AAA ATT ATT CTA AAA TCT GTT AC; Q5
pACE2 —170 F, TAT ATT GGC TCA GCA GAT TGT TTA CTG TG.

ACE2 promoter plasmid was transfected into one of 3 cell lines, AGSiZ, EBV-negative AGS, or 293T.
AGSiZ cells were transfected with the reporter plasmid 24 h after induction with 1.0 wg/ml doxycycline.
AGS cells and 293T cells were cotransfected with empty vector, EBV Zta-expressing vector, EBV Rta-
expressing vector, or both Zta and Rta vectors. All transfections were done in triplicate using Transit 293 re-
agent (Mirus) and 1 ug of plasmid DNA per the manufacturer’s protocol. At 48 h after transfection, samples
were harvested and lysed in 1x reporter lysis buffer (Promega) using the manufacturer’s protocol. Five
microliters of cleared supernatant was added to 15 ul of firefly luciferase reagent and read using a luminom-
eter (Turner Biosystems; 20/20n). Each transfection was performed in triplicate, and three technical replicates
were assayed for each biological replicate. The readings were used to calculate a relative quotient (RQ) rela-
tive to either empty vector-transfected sample or uninduced sample, respectively.

In vitro methylation of plasmids was performed by incubating 10 xg of ACE2 promoter plasmid with
CpG methyltransferase (M.Sssl) (New England Biolabs [NEB]) with S-adenosylmethionine for 30 min at
37°C. An unmethylated control plasmid was processed in tandem. After methylation, heat inactivation
of the methylase was performed and plasmid DNA was ethanol precipitated and quantitated by spectro-
photometry. Transfections with methylated DNA were performed in 293T cells as described above using
Transit 293 reagent with cotransfection of Zta, Rta, or both expression vectors. Luciferase assays were
performed in technical triplicates with lysates harvested 12 h after transfection.

Fluorescence microscopy. A total of 200,000 NOK cells were plated in 6-well plates and were either
mock infected or infected with EBV Akata virus at a multiplicity of infection (MOI) of 5 per cell by spin
inoculation as described previously (10). Cells were visually examined and photographed under fluores-
cence microscopy to detect GFP expression in EBV-infected cells at 3 days postinfection.

SARS-CoV-2 spike, Junin G, and bald pseudovirus production, purification, infection, and blocking
with ACE2 antibodies. 293T cells were plated in 100-mm plates at a density to reach 80% confluence
the following day. The plates were transfected with either 6 ug of SARS-CoV-2-spike plasmid, JunV-GP
plasmid (16) (both gifts from Tom Gallagher, Loyola University), or pCDNA3 vector plasmid (Invitrogen)
using Transit 293 (Mirus). Cells were incubated for 6 h; medium was replaced with fresh DMEM-10% fetal
calf serum (FCS) (DMEM-10), and cells were grown overnight. The following day, each plate was infected
with 60 ul of transducing particle (VSVAG-Fluc pseudotyped with Junin virus [JUNV] G protein) in 6 ml of
fresh prewarmed DMEM-10. Infected cells were incubated for 2 h and then rinsed three times with warm
serum-free DMEM. Six milliliters of prewarmed DMEM-10 was added, and cells were incubated over-
night. Each day for the next 3 days, supernatant was collected in 15-ml centrifuge tubes, and 6 ml of
fresh DMEM-10 was added. Each supernatant was spun at 300 x g for 10 min, transferred to a fresh tube,
and spun at 3,000 x g for 10 min. Supernatants from each daily harvest were stored at —80°C until
being pooled for concentration. Supernatants containing pseudovirus were thawed and pooled in an
ultracentrifuge tube. Using a 3-ml syringe, a cushion of 1.5 ml 20% sucrose was added to the bottom of
the tube. Tubes were centrifuged at 5,600 x g for 18 h at 4°C. The supernatant was carefully removed,
and 180 ul of serum-free medium was used to gently resuspend the pellet by leaving the tube in a cooled
centrifuge rotor for 2 h followed by gentle pipetting. After proper resuspension, 100x concentrated and
purified pseudovirus was divided into 60-ul aliquots in cryovials and frozen at —80°C until use.

Pseudovirus infections were performed in 96-well plates by plating AGSiZ, NOK, or 293T cells in
100 w! of medium appropriate for each cell line. For experiments to measure the effect of ACE2 expres-
sion on pseudovirus infection, infections were performed 24 h after either induction of EBV replication
or ACE2 transfection. AGSiZ cells were induced by adding 100 ul of 2.0 ug/ml doxycycline (for a final
concentration of 1.0 ug/ml). 293T cells were transfected with either empty vector or ACE2 expression
vector. At 48 h after induction or transfection, medium was removed and pseudovirus infections were
carried out. To measure the effect of EBV infection on ACE2-mediated pseudovirus entry into NOK cells,
NOK cells were either infected or mock infected with Akata virus produced from AGSiZ at a final MOI of
5 (~50,000 pseudovirions per 10,000 cells/well). For antibody treatments prior to pseudovirus infection,
antibody was added to a final concentration of 20 ug/ml. ACE2 antibodies used were goat (R&D
Systems; AF933) or rabbit (Thermo Fisher; PA5-20040). Rabbit IgG (Bethyl; P120-101) was used as a con-
trol at the same concentration. After treatment with antibody for 2 h, 0.6 ul of concentrated pseudovirus
preparation was added to each well. A no-virus control was done in parallel. After 4 h of incubation with
pseudovirus particles to allow pseudovirus entry, the medium was removed and replaced with 100 ul of
complete medium, and cells were incubated overnight. Supernatants were then removed, and 50 ul of
cell lysis reagent (Promega) was added to the wells. After incubation at room temperature for 15 min,
plates were sealed with Parafilm and frozen at —80°C. Cell lysates were thawed, transferred to a fresh
1.5-ml centrifuge tube, and spun at 700 x g for 5 min. Five microliters of cleared supernatant was added
to 15 ul of firefly luciferase reagent (Promega) and read using a luminometer (Turner Biosystems; 20/
20n); three technical triplicates were performed for each sample. Each biological triplicate was used to
determine an RQ relative to the bald virus control for each sample.
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